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Abstract
Anthropogenic climate change, including the interactive effects of ocean acidification
and temperature rise, is projected to affect marine ecosystems by challenging the environmental
tolerance limits of individual species. Such impacts have been documented in a handful of
marine fishes, including major physiological effects experienced in early-life stages of Pacific
herring, an important forage and commercial fish species widely distributed in coastal systems
across the North Pacific. In this study, we investigated the effects of temperatures between 1016°C and two pCO2 levels (ambient and high pCO2 ) on hatching and survival of Pacific herring.
Survival after acute temperature exposure was assessed and compared between incubation
treatments, as may be experienced by herring egg deposits during low tide on warm days. We
compared early and late spawning populations to determine if their responses differed when
exposed to chronic temperature and pCO2 conditions and to short term temperature stress. A
subset of embryos from the 10°C and 16°C treatments were exposed to critical thermal
maximum (𝐶𝑇𝑚𝑎𝑥 ) trials that simulated the acute temperature fluctuations associated with marine
heat waves and tidal processes in shallow nearshore habitats. Hatching success was primarily
influenced by temperature in both winter and spring embryos. 𝐶𝑇𝑚𝑎𝑥 results indicate that
embryos were able to withstand acute exposure to 20°C regardless of spawning population or
incubation treatments, but survival was greatly reduced after 2-3 hours at 25°C. Post-exposure
heart contraction measurements revealed a greater rate of increase in heart rate in the combined
treatment of 10°C and 𝐶𝑇𝑚𝑎𝑥 duration hours compared to 16°C, suggesting respiratory
acclimation at higher incubation temperatures. Oxygen consumption rates (MO2 ) measured at
stable incubation conditions resulted in higher MO2 values at elevated temperatures and pCO2
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levels. Overall, this study reinforces that Pacific herring are resilient to moderate pCO2 and
temperature stress but are vulnerable to acute temperature increases that may accompany marine
heatwave events and late season low tide temperatures, and in some cases the combination of
elevated pCO2 and temperature can introduce additional challenges for these important forage
fish.
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Introduction
Anthropogenic climate change is projected to affect marine species on the organismal,
community, and ecosystem level. Changes to abiotic factors such as marine carbonate chemistry
and sea surface temperature (SST) have caused physiological changes and distribution shifts
across taxa (IPCC, 2021). Ocean acidification is the process by which excess atmospheric carbon
dioxide (CO2 ) emissions are absorbed by the oceans and converted into bicarbonate (HCO3−) and
a free proton (H+), reducing pH levels and the amount of carbonate ions (CO−2
3 ) present (IPCC,
2019). Surface ocean pH has decreased from 8.2 to 8.1 compared to preindustrial values due to
increased atmospheric CO2 , a 30% increase in acidity (Orr et al., 2005; IPCC, 2021). Oceanic
CO2 levels are predicted to increase by 0.5% per year throughout the 21st century, a rate 100
times faster than seen in the past 650,000 years (Siegenthaler, 2005). By 2100, mean open-ocean
surface pH is projected to decline by an additional 0.08 ± 0.003 units in the current best case
climate scenario (2℃ warming) (Kwiatkowski, 2020; IPCC, 2021).
Elevated partial pressure of CO2 (pCO2 ) has been documented to affect behavior in all life
history stages of fishes, leading to the impairment of sensory functions, learning, predator
avoidance, and homing behavior (Clements & Hunt, 2015). Moreover, high pCO2 can impact
marine organisms through reduced calcium carbonate (CaCO3 ) saturation, leading to lower
calcification rates, and by altering acid-base physiological regulation (Fabry et al., 2008). Early
life-history stages in fishes have been shown to be more vulnerable to elevated CO2 levels
compared to adult fishes, due to the incomplete development of acid-base regulation (Ishimatsu
et al., 2008; Pörtner, 2008; Cattano et al., 2018). Once in the adult stage, organisms with
mechanisms to regulate internal pH are less affected by ocean acidification (Melzner et al.,
2009). Due to the known sensitivity to ocean acidification in early life stages, this study focuses

on the effects of elevated pCO2 in Pacific herring (Clupea pallasii; Cuvier & Valenciennes 1847)
from fertilization until hatch.
Ocean acidification is coupled with a rise in global temperatures due to increasing
greenhouse gas concentrations, and these temperature changes have physiological and population
level effects that are species-specific. Global mean SST has increased by 0.88℃ since the
beginning of the 20th century and is projected to increase by an additional 0.43–1.47℃ by 2100
(IPCC, 2021). Temperature tolerance to these changes is highest in fishes that inhabit midlatitudes likely because of adaptation to prominent seasonal variability (Pörtner & Peck, 2010).
Exposure to elevated temperature in early life stages may trigger long-lasting effects on an
individual’s physiology, leading to an ability to cope with similar environmental changes later in
life, a phenomenon known as “thermal imprinting” (Alfonso et al., 2021). In marine fishes,
temperature changes can affect ontogenetic timing, growth, survival, and reproductive success
(Green & Fisher, 2004; Peck et al., 2012). One mechanism for these effects is increased
respiratory demand and lower oxygen availability at warmer temperatures, potentially requiring
greater allocation of energy for activities such as feeding, predator avoidance and digestion, and
leaving less energy for growth and reproduction (Pörtner & Knust, 2007). Marine species also
shift geographically in order to align their physiological tolerances with the environment, which
is prominently affected by temperature change (Mueter & Litzow, 2008). Distribution shifts are
generally most evident at the Northern and Southern end of a species’ geographical range, where
temperature effects may drive marine fishes towards the poles (Cheung et al., 2009; Pörtner &
Peck, 2010).
Oxygen limitation through greater oxygen demand by individual organisms (Pörtner &
Knust, 2007) and diminished oceanic O2 solubility (Oschlies et al., 2018; Kwiatkowski et al.,
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2020) is one of the primary physiological temperature effects in fish. In fact, one way to measure
the optimal temperature of a species is to assess oxygen consumption rates (MO2 ). Increased
temperature accelerates metabolism, which results in faster developmental times and reduced
growth, a combination that often results in larvae that are smaller at the time of hatch (Tsoukali
et al., 2016; Alfonso et al., 2020) and an increased need for O2 to produce physiologically
sustainable levels of ATP. Additional ATP demand at heightened temperatures is expected to
reduce embryonic and larval growth and diminish thermal tolerance (Pörtner, 2008; Dahlke et
al., 2020). In most temperate fish, MO2 and temperature have a bell-shaped relationship, with
MO2 at its peak at optimal temperatures and diminished at critically high and low temperatures
(Steinhausen et al., 2008; Lefevre, 2016; Skeeles et al., 2020).
Heart rate can be used to determine the cardiac output of oxygen delivered to the tissues
through arterial blood in adult fishes (Ferreira et al., 2014) and is therefore a mechanism that
responds to increased oxygen demand (Van der Walt, 2021). As temperatures rise, heart rate
cannot keep up with increased oxygen demand, leading to impaired energetic processes
(Steinhausen et al., 2008), cardiac arrhythmia, and death (Skeeles et al., 2020; Van der Walt,
2021). At the embryonic stage where internal systems are still developing (Ishimatsu et al., 2008;
Pörtner, 2008), diffusion may still provide a significant amount of oxygen to the cells, leading to
a reduced connection between heart rate and oxygen demand than in adults. Sudden extreme
temperature exposure has been shown to increase the stress response in marine fishes through the
heightened release of cortisol and the inhibition of the immune system (Alfonso et al. 2020). It is
possible that sub-lethal effects, such as the impact of temperature on heart rate, may have longlasting impacts on fish survivability, even once normal temperature conditions are restored.
Temperature is often considered the dominant factor in increased mortality and deleterious
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physiological effects in marine fishes, including Pacific herring, as a result of global climate
change (Villalobos et al. 2020; Murray & Klinger, 2022).
Pacific herring is an important forage and commercial fisheries species widely distributed
off the Pacific Coast of the United States and Canada (Dinnel et al., 2011). Forage fish are
energy conduits from lower trophic levels to marine mammals, predatory fish, and seabirds
(Cury et al., 2000; Pikitch et al., 2014). Pacific herring are also culturally important to the Coast
Salish indigenous peoples and drive economic growth through commercial fisheries, contributing
to an interest in the population dynamics of the species (Schweigert et al., 2010; DFO, 2018).
Declines in Pacific herring population abundance have been attributed to habitat loss (Gaeckle et
al., 2011), pollutants (West et al., 2008), predation pressure, and climate change may be
contributing to reduced numbers (Sandell et al., 2022), yet it is not clear to what extent each of
these factors are contributing to population declines.
14 out of 21 Southern Salish Sea stocks of Pacific herring were not reported at “healthy”
by The Washington Department of Fish and Wildlife (Sandell et al., 2022). There are a total of
21 spawning populations, called stocks, in the Southern Salish Sea (Figure 1) some of which are
genetically distinct (Stick et al., 2014). Pacific herring spawn in shallow, vegetated habitats
(Penttila, 2007) within local populations throughout winter and spring. During this time embryos
experience extreme variability in pH and temperature compared to offshore habitats (Shelton et
al., 2014). It is important to understand the environmental context of temperature and pCO2
variability in order to interpret and understand results from research into the effects of global
change on Pacific herring.
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Figure 1. Documented Southern Salish Sea spawning grounds. Figure from Sandell et al. (2022).
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Declines in forage fish abundance have been routinely studied in the Southern Salish Sea
herring populations since the 1970s (Sandell et al., 2016; Sandell et al., 2022). Some stocks have
seen declines of spawning biomass and abundance for several decades; most notably, the Cherry
Point spring spawning stock, once the largest herring stock in Washington state, has declined
nearly 97% since monitoring began in 1973 (Stick et al., 2014). The Cherry Point stock is unique
in its spawning time, which is significantly later than most other stocks (April–June) (Figure 2)
and is a major reason why global change could influence this population differently than others
(Landis & Bryant, 2010; Sandell et al., 2022). Late spawners, such as Cherry Point, experience
higher mean and maximum temperatures, which will continue to increase with global climate
change (Frölicher et al., 2018).

Figure 2. Documented and peak spawning times for Washington herring stocks. Cherry Point is
the latest stock to spawn (April–June). Figure from Sandell et al. (2022).
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Temperature effects in the early life stages of marine fishes can have important
implications for stock abundance and recruitment success (Fässler et al., 2010; Rindorf et al.,
2020), which are often determined by mortality, deformity rates, and hatching success. 4 of 6
studies that analyzed the effects of elevated temperature found greater mortality in Pacific
herring (Villalobos et al., 2020), Atlantic herring (Sswat et al., 2018; Leo et al., 2018) and
Atlantic cod (Dahlke et al., 2017) (Table 1). Temperature effects on mortality is a major
contributor of diminished recruitment success (Fässler et al., 2010). Elevated temperature often
results in increased deformity rates during development due to energetic constraints on growth
and development at critical temperatures (Dahlke et al., 2020). Research into Pacific herring
(Murray and Klinger, 2022) and Atlantic cod (Dahlke et al., 2017) also found increased
deformities at elevated temperatures (Table 1), although neutral effects have been shown in
Pacific and Atlantic herring (Villalobos et al., 2020; Leo et al., 2018, respectively). Higher
deformity rates lead to lower hatching success in Pacific herring (Villalobos et al., 2020) and
Atlantic herring (Leo et al., 2018).
Research on the effects of ocean acidification on herring have shown variable
physiological responses. Frommel et al. (2014) found that elevated pCO2 in Atlantic herring
resulted in significantly reduced larval growth, standard length, and RNA:DNA ratios, while
incidence of organ damage increased (Table 1). Such negative effects of elevated pCO2 were not
observed in a previous study with Atlantic herring (Franke & Clemmeson, 2011) and Pacific
herring (Villalobos et al., 2020), although limited adverse effects on embryonic malformations,
hatch rate, and embryo heart rate were found (Table 1). 3 of 10 studies that include pCO2 as a
single stressor found an increase in mortality with elevated pCO2 levels in Pacific herring
(Villalobos et al., 2020), Atlantic herring (Sswat et al., 2018), and Atlantic cod (Dahlke et al.,
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2017) (Table 1). Ocean acidification is more likely to affect marine fishes during early life
stages, when cellular CO2 equilibrates to the environment and regulatory organs, such as gills,
have not developed (Dahlke et al., 2020). These examples demonstrate that the response to
elevated pCO2 in embryonic and larval fish are not uniform.
The importance of multiple stressors has gained recognition in recent years and many
studies have been performed to investigate the combined effects of ocean acidification and
temperature rise on early life stages in marine fishes (Table 1). pCO2 and temperature were
evaluated together in 6 studies, where 4 found a further increase in mortality due to the combined
effects in Atlantic cod (Dahlke et al., 2017; Dahlke et al., 2020), Atlantic herring (Sswat et al.,
2018), and Pacific herring (Villalobos et al., 2020). When compared to independent temperature
effects, the combined effects do not present evidence for a substantial increase in mortality, yet
other deleterious effects such as reduced hatching success in Atlantic cod (Dahlke et al., 2017),
increased deformities in Atlantic cod and Pacific herring (Dahlke et al., 2017, Murray & Klinger,
2022, respectively), elevated heart rate in Pacific herring (Villalobos et al., 2020), and increased
oxygen consumption rates at moderately high temperatures in Atlantic cod (Dahlke et al., 2017)
were found. Such studies have demonstrated that although temperature has an overall greater
impact on the early life history of fishes than elevated pCO2 levels, variable effects are seen in
the combined treatments.
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Table 1. Summary of multiple stressor impacts on the early life stages of marine fish from
selected studies.
Reference

Species & Life
Stage
Clupea pallasi
(embryo)

Experimental Conditions

Significant Results

Temp: 10 and 16℃
𝐩𝐂𝐎𝟐 : 600 and 1200 𝜇𝑎𝑡𝑚

Sswat et al., 2018

Clupea harengus
(larvae)

Temp: 10 and 12℃
𝐩𝐂𝐎𝟐 : 400 and 900 𝜇𝑎𝑡𝑚

Leo et al., 2018

Clupea harengus
(embryo)

Temp: 6, 10, 14℃
𝐩𝐂𝐎𝟐 : 400 and 1100 𝜇𝑎𝑡𝑚

Dahlke et al., 2017

Gadus morhua
(embryo)

Temp: 0, 3, 6, 9, 12℃
𝐩𝐂𝐎𝟐 : ~400, ~1100 𝜇𝑎𝑡𝑚

Dahlke et al., 2020

Gadus morhua
(embryo and
larvae)

Temp: 6 and 9.5℃
𝐩𝐂𝐎𝟐 : 400 and 1100 𝜇𝑎𝑡𝑚

Murray et al., 2017

𝐩𝐂𝐎𝟐 : 500 and 2300 𝜇𝑎𝑡𝑚

Murray & Klinger,
2022

Menidia menidia
(embryo, larvae,
juvenile)
Clupea pallasi
(embryo)

Franke &
Clemmesen, 2011

Clupea harengus
(embryo)

Frommel et al.,
2012

Gadus morhua
(larvae)

𝐩𝐂𝐎𝟐 : 480, 1260, 1859,
2626, 2903, and 4635
𝜇𝑎𝑡𝑚
𝐩𝐂𝐎𝟐 : 380, 1800, and
4200 𝜇𝑎𝑡𝑚

Elevated Temp. → increased mortality, increased heart rate,
larger yolk upon hatch, lower hatching success, shorter length
Elevated 𝐂𝐎𝟐 → increased mortality
Temp. + 𝐂𝐎𝟐 → greater yolk area, increased heart rate,
increased mortality
Elevated Temp. → increased mortality, increased swimming,
decreased growth between 2 days post hatch (DPH) and 22
DPH, increase growth above 22 DPH, increased rate of
development
Elevated 𝐂𝐎𝟐 → decreased survival between 2 and 22 DPH
Temp. + 𝐂𝐎𝟐 → increased dry weight, increased mortality
Elevated Temp. → increased oxygen consumption rates
(MO2 ), increased mitochondrial oxygen flux between 6 and
10℃, decreased hatching success
Elevated 𝐂𝐎𝟐 → increased larval deformations
Temp. + 𝐂𝐎𝟐 → No interactive effects
Elevated Temp. → increased mortality, increased swimming,
increased rate of development, increased morphological
deformations, increased MO2 , decreased length and somatic
body area, decreased yolk sac
Elevated 𝐂𝐎𝟐 → increased mortality at 0, 3 and 12℃;
25% embryo survival at 12℃ & 400 𝜇𝑎𝑡𝑚, decreased length
Temp. + 𝐂𝐎𝟐 → reduction in hatching success, increased
morphological deformations, increased MO2 between 0 and
9℃ at 1100 𝜇𝑎𝑡𝑚; reduction in MO2 at 12℃
Elevated Temp. → reduction in protein expression
Elevated 𝐂𝐎𝟐 → increase in NKA, VHA, and ATP-synthase
enzyme activity
Temp. + 𝐂𝐎𝟐 → increased mortality at early development
Elevated 𝐂𝐎𝟐 → shorter length at 68 and 100 DPH, lower
weight and shorter length at 122 DPH, small but significant
growth reduction
Elevated Temp. → increased total hatch, increased
deformities, negative correlation with morphometric traits at
hatch, higher resting metabolic rate (RMR), increased yolk
consumption rate, increased hatch rate, higher hatching
success
Elevated 𝐂𝐎𝟐 → reduced RMR, small hatching delay
Temp. + 𝐂𝐎𝟐 → reduced RMR at ambient temp
Elevated 𝐂𝐎𝟐 → Lowered relative RNA content (RNA/dry
weight)

Villalobos et al.,
2020

Temp: 8.8, 11, 12.2,
13.2℃
𝐩𝐂𝐎𝟐 : 550 and 2300 𝜇𝑎𝑡𝑚
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Elevated 𝐂𝐎𝟐 → Increased dry mass, decreased organ
development, severe tissue damage to major organs

Frommel et al.,
2014

Clupea harengus
(larvae)

Elevated 𝐂𝐎𝟐 → Diminished larval dry mass and length,
reduced RNA:DNA ratios, organ damage

𝐩𝐂𝐎𝟐 : 0.0385, 0.183,
0.426 kPa

Given the lack of clear patterns in these studies, research methods that test the
physiological responses to climate change in early life stage fishes provide an important
opportunity. Critical thermal maximum (𝐶𝑇𝑚𝑎𝑥 ) exhibits the same physical response across taxa,
and therefore is a common method for evaluating the thermal requirements of a given species
(Lutterschmidt & Hutchinson, 1997). The concept of critical thermal minimum (𝐶𝑇𝑚𝑖𝑛) and
𝐶𝑇𝑚𝑎𝑥 was introduced by Cowles and Bogert (1944) and is defined as “the thermal point at
which locomotory activity becomes disorganized and the animal loses its ability to escape from
conditions that will promptly lead to its death.” 𝐶𝑇𝑚𝑎𝑥 trials typically occur with either static or
dynamic methodology, the former involving the direct transfer of an organism from a base
temperature to an elevated temperature, and the latter utilizing a ramping protocol from a base
temperature to extreme endpoint(s) (Lutterschmidt & Hutchison, 1997; Terblanche et al., 2011).
The maximum temperature and rate of temperature increase have direct effects on survivability
and the ecological relevance of experimentation (Terblanche et al., 2011).
Some general patterns may be emerging related to the response of thermal limits to
acclimation at higher temperatures, rate of temperature change, and organismal physiology
(Table 2). Peck et al. (2012) examined the effects of rearing temperature on survival in southwest
Baltic herring embryos and found that water below 5℃ and above 20℃ cause nearly 100%
mortality and constrain the spawning period. Kikuchi et al. (2019) found limited trends in the
thermal limits of pelagic versus demersal fishes, although the demersal species displayed greater
thermal plasticity compared to the pelagic species. In Atlantic herring larvae, individuals reared
at heightened temperature and at faster warming rates exhibited significantly higher 𝐶𝑇𝑚𝑎𝑥
values (Moyano et al., 2017) (Table 2). In this study, we investigate the effects of rearing
10

temperature and pCO2 level on the thermal response of Pacific herring, although we did not
determine the exact 𝐶𝑇𝑚𝑎𝑥 value. As a pelagic species that spawns in highly variable nearshore
areas, they might be expected to be relatively resilient to heightened temperatures. If our results
are similar to those for Atlantic herring, those reared at higher temperatures could experience
higher 𝐶𝑇𝑚𝑎𝑥 values due to acclimation effects.
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Table 2. Summary of temperature effects on marine fish from selected critical thermal limit studies. Studies are intended to assess the
effects of marine heat waves on mortality rates.
Reference

Species

Peck et al.,
2012

Clupea harengus

Common Name
Southwest Baltic
herring

Life Stage
Embryo

Rearing Temp
(℃)
2.9, 4.9, 7.1,
11.5, 13.6, 15.3,
19.9, 21.7

Rate of Change
Stable at rearing
temperature

Thermal Limits
(℃)
𝐶𝑇𝑚𝑖𝑛 : 2.8
𝐶𝑇𝑚𝑎𝑥 18.2
(Determined with
regression)

Significant Results
-

-

Kikuchi et al.,
2019

1.
2.
3.
4.

Genidens barbus –
demersal
Menticirrhus
littoralis – demersal
Trachinotus goodei –
pelagic
Mugil brevirostris –
pelagic

1.
2.
3.
4.

White sea
catfish
Gulf
kingcroaker
Great
pompano
Long-fin
mullet

Juvenile and
yolk-sac larvae

25 (local mean),
30 (heatwave)

0.3 ℃ 𝑚𝑖𝑛−1

𝐶𝑇𝑚𝑎𝑥 (25℃):
1. 36.16 ± 0.29
2. 36.15 ± 0.30
3. 36.16 ± 0.43
4. 39.76 ± 0.31
𝐶𝑇𝑚𝑎𝑥 (30℃):
1. + 2.08
2. + 1.74
3. + 0.81
4. + 1.1

-

-

-

Highest percent hatch at
intermediate temperatures (517℃)
15% hatch at 2.9℃
0% hatch at 21.7℃ rearing
temperature
Standard length decreased with
increased temperature
𝐶𝑇𝑚𝑎𝑥 of all species increased in
the “heat-wave experiment”
(30℃) compared to local
average (25℃)
thermal tolerance was speciesspecific and did not differ
between pelagic and demersal
life habitats
lowest acclimation response was
seen in pelagic fish

(Determined by
mean temp ± SD at
loss of equilibrium)
Moyano et al.,
2017

1.
2.

Clupea harengus
Dicentrarchus
labrax

1.
2.

Atlantic
herring
European
seabass

1.
a.
b.

Yolk-sac
larvae
exogenous
feeding
larvae

1.
2.

7, 9, 13
20

1.
2.

0.5, 1, 2, 4, 8
℃ ℎ−1
1.5, 6, 6+1.5*,
9 ℃ ℎ−1

𝐶𝑇𝑚𝑎𝑥 :
1.
a. 15.0 – 28.8℃
b. 13.1 – 27.0℃
2.
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24.2 – 34.2℃

1.

𝐶𝑇𝑚𝑎𝑥 was warmer in larvae
reared at 13℃ compared to 7℃
a. Warming rate had no effect
on 𝐶𝑇𝑚𝑎𝑥
b. Faster warming rates (4 and
8℃ ℎ−1 ) produced higher

2.

larvae

*6+1.5℃ = quick
start (6℃ ℎ−1 ) up
to expected 𝐶𝑇𝑚𝑎𝑥
(26℃) then slower
rate of 1.5℃
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(Determined by
mean temp at loss
of equilibrium)

2.

𝐶𝑇𝑚𝑎𝑥 compared to slower
rates
Warming rate had no effect on
𝐶𝑇𝑚𝑎𝑥 ; larvae with larger body
length had higher 𝐶𝑇𝑚𝑎𝑥 than
smaller larvae

Although herring reside in the pelagic zone in later life stages, the exposure to frequent
and extreme variability in nearshore habitats in the embryonic and larval stages may affect the
frequency, duration, and maximum temperatures experienced duration marine heat waves. 𝐶𝑇𝑚𝑎𝑥
measurements can be used to assess the thermal tolerance of a species that may identify
population bottlenecks in future warming scenarios, such as marine heat waves (Rijnsdorp et al.,
2009). In a 𝐶𝑇𝑚𝑎𝑥 experiment, differences in respiratory measurements, deformity rates, and
mortality can be used to better understand the response to increasingly warmer temperature
conditions and if that response is modified by pCO2 . In the present-day 1℃ global warming
scenario, there is a nine-fold projected increase in the probability of a marine heat wave
occurrence, and an overall increase in duration, maximum annual and cumulative mean intensity
compared to preindustrial times (Frölicher et al., 2018). These events occur when the SST
exceeds the local 99th percentile (Frölicher et al., 2018) and have the potential to increase
mortality rates across marine species, predominantly located in coastal waters (Vinagre et al.,
2016). Pelagic species tend to be more resistent against thermal stress compared to benthic
species because of regular exposure to diel and seasonal temperature fluctuations (Farless &
Brewer, 2017). Therefore, one might expect fish that spawn in highly variable nearshore
environments to produce embryos that are relatively resilient to these thermal stressors. Murray
& Klinger (2022) found that low-grade heat wave exposure in Pacific herring embryos resulted
in increased deformities and smaller morphometric traits (standard length, body size), while
hatching success increased in heat wave embryos. Our study tests the functional response to
short-term exposure at extreme temperatures to enhance our understanding of the effects of
marine heat waves on Pacific herring embryos when exposed to different spawning conditions.
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The variation in Pacific herring spawning time presents an opportunity to assess 𝐶𝑇𝑚𝑎𝑥
between winter and spring stocks in a simulated heatwave scenario. Previous studies focused on
the effects of short-term acclimation on thermal limits (Table 2), while the variation between
herring stocks allows for an investigation into potential genetic effects at the population level due
to transgenerational acclimation and biochemical adaptations. Genetic analysis has revealed that
Pacific herring stocks returning to the geographical location of their natal spawning site at
different times of the year have differences in genes associated with sensory processes associated
with photoperiod, and that these differences persist through generations, indicationg that
reproductive phenology is reinforced by genes linked to photoperiod (Petrou et al., 2021).
Spawning temperature for winter stocks average ~9℃ from January-March and ~12℃ for the
June-spawning Cherry Point stock, although it is common for temperatures to reach 16℃ or
higher in the latter months (Fassbender et al., 2018). Wintertime pCO2 levels in the Puget Sound
are approximately 500-700 𝜇𝑎𝑡𝑚, which are higher than the pCO2 conditions in the broader
North Pacific Ocean (Feely et al., 2010). This provides the opportunity to assess the thermal
limits of embryonic Pacific herring when reared at two temperature treatments (10 and 16℃) and
two pCO2 levels (ambient and high) in genetically distinct spawning populations (winter: Port
Gamble; spring: Cherry Point). This will contribute to a small but growing list of studies that
analyze the critical thermal limits of marine fishes.
We predict that spring-spawning embryos would be better equipped to survive a
simulated heat wave because of generational adaptation to higher nearshore temperatures. If they
do not exhibit enhanced thermal resilience, this could be a contributing factor to the steep
declines in the Cherry Point population, which would suggest that thermal stress outweighs the
acclimation potential. We aim to elucidate the capacity of winter and spring-spawning herring to
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respond to marine heat waves under climate change while quantifying the impact of early life
stage physiological and respiratory stress on growth and survival.
Methods
Collection of Animals and Gametes
Experimentation took place in March (winter) and May (spring) 2021 at Shannon Point
Marine Center (SPMC) in Anacortes, WA. In the winter experiment, adult Pacific herring were
collected at Port Gamble as part of the Washington Department of Fish and Wildlife (WDFW)
spawning survey. Sampled fish were stored on ice and transported in a cooler to the laboratory
facilities. Dissection and fertilization occurred immediately after arrival. In the spring
experiment, eggs deposited on vegetation were collected by WDFW at the Cherry Point
spawning site and delivered to SPMC. Eggs were aged under a stereomicroscope and embryos
with approximately 90% epiboly development (~54 degree-hours post fertilization; Kawakami et
al., 2011) were collected for experimentation. Eggs were disinfected with a 100-ppm Ovadineseawater solution before beginning the spring experiment. The discrepancy in collection method
was due to a reluctance to collect fish from this diminished population; collection of eggs has a
smaller impact than whole animal harvesting.
Fertilization Protocol
A gamete mixture from 10 males and 10 females was used for laboratory experiment 1
(winter). Fish were weighed before and after gonad dissection and length was measured in
millimeters. Ovaries were carefully removed and placed in individual petri dishes. Using a single
edged razor blade, a 2 cm × 2 cm piece of testis from each male was macerated in 100 ml of
10°C, 32 ppt filtered seawater (FSW). 25 ml of sperm suspension was added to 4 individual 9 ×
13 polyethylene containers lined with mesh. Using a Teflon-coated spatula, roughly 200 eggs
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from each female were randomly distributed onto the mesh lining of the containers. Fertilization
occurred in an enclosed, temperature-controlled room kept at 10°C (ambient) to optimize
fertilization success. After 30 minutes, fertilization success was analyzed using ~30 eggs on 3
mesh samples per polyethylene container. Samples were imaged using a digital camera (MC170
HD, Leica®) attached to a dissection microscope (SZ40 stereomicroscope, Olympus®) and later
calculated as the average number of fertilized eggs over total imaged embryos. Mesh lining with
adherent water-hardened embryos was cut into strips and randomly distributed into experimental
cups. 50 living embryos were removed from the mesh and placed in survival cups. These were
kept until hatch and measured for hatching and survival parameters at each incubation condition.
210 embryos were removed from the mesh and placed in sample cups that were used for 𝐶𝑇𝑚𝑎𝑥
and respirometry trials.
Experimental Set up
Experimental treatments were selected based on current and future oceanic pCO2
concentrations and temperature in the Salish Sea ecosystem. Seawater was drawn from the
Guemes channel into the laboratory system at SPMC and relative flow of pCO2 gas was tuned to
reach desired levels. Ambient temperature and pCO2 treatments (10°C; ~600 𝜇𝑎𝑡𝑚) were chosen
based on the Puget Sound surface seawater conditions in late winter (Fassbender et al., 2018;
Pacella et al., 2018). The elevated pCO2 treatment of ~2000 𝜇𝑎𝑡𝑚 is on par with predicted
business-as-usual global change values for the coast of Washington state (Evans et al., 2019;
Pacella et al., 2018). Elevated temperature (16°C) was chosen as a common late-spawn
temperature (Dinnel et al., 2008).
pCO2 -adjusted seawater was controlled in 3 replicate header tanks per treatment (Figure
3). Individual header tanks received filtered seawater (~1 L min−1) that averaged ~30 ppt,
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determined by post-analysis refractometry measurements. Ambient header tanks were aerated
with CO2 -free air (CO2 adsorber, Twin Tower Engineering) to reduce pCO2 to ~600 𝜇𝑎𝑡𝑚. High
pCO2 header tanks were aerated with research grade CO2 gas (99% CO2 , AirGas®) and CO2 stripped air to distribute a precise gas mixture of ~2000 𝜇𝑎𝑡𝑚 (Love et al., 2017). An 8 channel
Masterflex L/S® Digital Drive (model UX-77921-75) peristaltic pump was attached to a 20 lb.
food grade CO2 gas tank and provided a stream of CO2 bubbles into individual powerhead pumps
(Marineland Maxi-jet 900) in each high pCO2 header tank (Figure 3). The powerhead pumps
were used to break up the CO2 gas into small bubbles, which quickly dissolve into the header
tanks (Figure 3).

Figure 3. Schematic of the pCO2 control system for the winter experiment, performed at
Shannon Point Marine Center (SPMC). 3 header tanks designated as “ambient pCO2 ” received
CO2 -free air to reduce inlet seawater. 3 header tanks designated as “high pCO2 ” received
additional CO2 gas from a peristaltic pump, which was broken up into small bubbles by
powerhead pumps. Water from header tanks was adjusted to the main tank temperature with 8
feet of plastic coils used for heat exchange. After passing through the coil, water was distributed
into an individual cup that housed embryos. 6 replicate cups per pCO2 treatment were placed in
each of the 4 temperature tank for a total of 48 cups (2 pCO2 treatments × 6 cups × 4
temperature tanks). Water in the main tanks flowed from ambient (10°C) to extreme (16°C) in
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increments of 2°C (spring experiment: omission of 12°C and 14°C; 8 replicate cups per pCO2
treatment).

Individual temperatures were adjusted with 2 Aqueon® Submersible Aquarium heaters
and controlled by Elitech® STC-1000 temperature controllers. A temperature gauge
automatically activated/disactivated temperature controllers to maintain target temp ± 0.3°C. 4
main temperature tanks (40 L) were located below the header tanks and ranged from ambient
(10°C) to high (16°C) in intervals of 2°C (Figure 3). The inlet of ambient seawater entered the
10°C tank (~1 L min−1), and the outlet was held at the far end of the 16°C tank. Polyethylene
treatment cups with mesh bottoms used to house Pacific herring embryos were placed into each
temperature tank (Figure 4). pCO2 -treated water was gravity fed into individual cups using 8 feet
of thin plastic tubing, coiled, and submerged into the heat-adjusted tanks, bringing the
pCO2 treatment water up to the appropriate temperature before entering the cup (Figure 4). Lines
of tubing were connected to stopcocks and placed at the top of each cup, providing a net
downward flow of pCO2 -adjusted water into each cup at a rate of roughly 30-40 ml per minute.
The residence time for the experimental cups was ~13 minutes. In each temperature tank,
submersible pumps (Hydor Koralia Nano 240) circulated water to increase thermal exchange
amongst the cups. Daily temperature and pH values were measured and recorded using an Orion
Star™ pH conductivity meter calibrated daily with NBS-buffers (Fisher Chemical®) at 10°C.
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Figure 4. Superior view of temperature tank for the winter experiment, performed at Shannon
Point Marine Center (SPMC). Temperature tanks were controlled with 4 temperature controllers
(Elitech® STC-1000) connected to three heaters per tank. Circulation pumps increased heat
exchange throughout the temperature tanks. 6 replicate cups per pCO2 treatment were placed in
each temperature tank. Water from pCO2 header tanks were fed through 8-foot-long plastic
tubes, coiled, and submerged in the temperature tank to enhance heat exchange. Tubing was
connected to stopcocks and dripped into replicate cups where embryos were housed. (Spring: 8
replicate cups per pCO2 treatment).

Experimental Modifications
The experimental design remained consistent between winter and spring experiments
with a few notable exceptions. In winter, 12 cups were placed in each temperature tank (10, 12,
14, 16°C), with 6 receiving the ambient pCO2 treatment and 6 receiving the elevated pCO2
treatment (Figure 3).
In spring, the 12°C and 14°C temperature treatments were removed to focus on the two
outer extremes, and two additional replicate cups were added at 10°C and 16°C for a total of 16
cups per temperature treatment. 8 cups received the ambient pCO2 treatment and 8 received the
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elevated pCO2 treatment. The two middle tanks were used to increase the temperature from 10°C
to 16°C using 4 Aqueon Submersible Aquarium heaters in each intermediate tank. All other
systems were kept constant between experiments.
Carbonate Chemistry
Header tanks with altered pCO2 concentrations were monitored every other day using
spectrophotometric pH measurements and dissolved inorganic carbon (DIC) analysis to verify
the full suite of carbonate parameters.
Seawater from half of all experimental cups was preserved in 20 ml scintillation vials
(winter) or 40 ml VOC vials (spring) every other day using 10-μL of a saturated solution of
mercuric-chloride (HgCl2), stored at 2°C, and analyzed within 3 weeks post-experiment for pH
and DIC. A diode array spectrophotometer (Ocean Optics S-UV-VIS flame) was used to assess
pH. Seawater samples were stored in a 25°C water bath and systematically transferred into a
jacketed 5 cm cuvette. The samples received two 20-μL aliquots of m-cresol indicator dye to
determine the absorbance at three wavelengths (730 nm, 578 nm, 434 nm) (Dickson et al., 2007).
Dye impurities were corrected according to Douglas & Byrne (2017). DIC was determined by
acidification of duplicate aliquots of seawater samples, followed by nitrogen extraction and gas
phase analysis (Apollo SciTech AS-C3). Room temperature and salinity were used to calculate
density. The carbonate chemistry program CO2 SYS (Lewis et al., 1998) used DIC and pH
measurements to calculate pCO2 and pH (total scale) with K1 and K2 equilibrium constants
(Dickson & Millero, 1987) (Table 3, Table 4).
Incubation Conditions
An increase in average pCO2 value correlated with lower temperature in winter, although
these values were within the standard deviation range. DIC averaged 1986.75 ± 23 and 1944.71
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± 10 (ambient pCO2 ) and 2065.02 ± 22 and 2043.23 ± 26 (high pCO2 ) for winter and spring
experiments, respectively (Table 3, Table 4). Carbonate chemistry pCO2 values averaged 677.91
± 152 and 902.35 ± 83 (ambient pCO2 ) and 1365.12 ± 407 and 2170.61 ± 531 (high pCO2 ) in
winter and spring experiments, respectively.
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Table 3. Average in-situ parameters and calculated carbonate chemistry values at incubation
conditions for the winter experiment, performed in March 2021. Treatment combinations of
pCO2 + temperature are represented at ambient and high pCO2 (average 677.91 ± 152 𝜇𝑎𝑡𝑚;
1365 ± 407 𝜇𝑎𝑡𝑚) and 4 discrete temperatures (10℃; 12℃; 14℃; 16℃) with mean ± 1 SD.
Sample size (N) varies from 14 to 21 for treatment combination.
In-Situ Measurements
Test Temp.

Test p𝐂𝐎𝟐

(℃)

Carbonate Chemistry Values

pH

Temperature

p𝐂𝐎𝟐

pH

(NIST)

(℃)

(𝜇𝑎𝑡𝑚)

(Total)

DIC

10

Ambient

7.90 ± 0.14

10.20 ± 0.17

613.49 ± 120.84

7.86 ± 0.06

1986.08 ± 23.95

10

High

7.49 ± 0.10

10.35 ± 0.12

1222.15 ± 330.88

7.59 ± 0.14

2063.56 ± 18.67

12

Ambient

7.88 ± 0.05

12.07 ± 0.78

630.37 ± 92.43

7.85 ± 0.06

1983.77 ± 23.22

12

High

7.41 ± 0.04

12.27 ± 0.31

1363.59 ± 443.03

7.56 ± 0.17

2068.34 ± 18.88

14

Ambient

7.86 ± 0.05

13.48 ± 0.26

670.66 ± 94.77

7.83 ± 0.06

1985.30 ± 13.84

14

High

7.42 ± 0.11

13.53 ± 0.15

1401.15 ± 469.50

7.55 ± 0.16

2062.04 ± 30.27

16

Ambient

7.81 ± 0.06

15.56 ± 0.38

797.12 ± 300.12

7.77 ± 0.12

1991.85 ± 29.91

16

High

7.41 ± 0.07

15.57 ± 0.25

1473.59 ± 385.12

7.52 ± 0.13

2066.14 ± 21.83

Average

Ambient

7.86 ± 0.3

---

677.91 ± 152

7.83 ± 0.08

1986.75 ± 23

Average

High

7.42 ± 0.08

---

1365.12 ± 407

7.55 ± 0.15

2065.02 ± 22
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Table 4. Average in-situ parameters and calculated carbonate chemistry values at incubation
conditions for the spring experiment, performed in May 2021. Treatment combinations of pCO2
+ temperature are represented at ambient and high pCO2 (average 902.35 ± 83 𝜇𝑎𝑡𝑚; 2170.61 ±
531 𝜇𝑎𝑡𝑚) and 2 discrete temperatures (10℃; 16℃) with mean ± 1 SD. Sample size (N) varies
from 12 to 16 for treatment combinations.
In-Situ Measurements
Test Temp.

Test p𝐂𝐎𝟐

(℃)

Carbonate Chemistry Values

pH

Temperature

p𝐂𝐎𝟐

pH

(NIST)

(℃)

(𝜇𝑎𝑡𝑚)

(Total)

DIC

10

Ambient

7.94 ± 0.15

10.46 ± 0.36

932.88 ± 99.95

7.70 ± 0.04

1946.22 ± 8.61

10

High

7.55 ± 0.08

10.68 ± 0.53

2111.40 ± 545.02

7.39 ± 0.11

2038.00 ± 30.50

16

Ambient

7.92 ± 0.02

15.53 ± 0.20

871.81 ± 65.29

7.73 ± 0.03

1943.19 ± 11.77

16

High

7.45 ± 0.04

15.53 ± 0.26

2229.82 ± 516.68

7.36 ± 0.10

2048.45 ± 20.63

Average

Ambient

7.93 ± 0.09

---

902.35 ± 83

7.72 ± 0.04

1944.71 ± 10

Average

High

7.5 ± 0.06

---

2170.61 ± 531

7.38 ± 0.11

2043.23 ± 26

Critical Thermal Maximum Protocol
Winter Experiment
𝐶𝑇𝑚𝑎𝑥 experiments were performed on embryos in the two temperature extremes of 10°C
and 16°C. Embryos were drawn from 3 cups (replicates) for each CO2 and temperature
combination. 210 embryos were distributed from each replicate cup, with 30 embryos each
placed into 7 vials (10 ml). Of these 7 vials, 1 was a control and the remaining 6 were exposed to
1 of the 6 𝐶𝑇𝑚𝑎𝑥 temperature and duration combinations described below. The combined
replicate and treatment combinations resulted in a total of 84 vials (7 vials × 3 replicates × 2
temperatures × 2 pCO2 treatments). However, since the trials for each temperature were held on
different days, only 42 vials were used in each temperature trial. Only normally developing
embryos were used in the 𝐶𝑇𝑚𝑎𝑥 trials.
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Vials were submerged in a temperature-controlled water bath adjusted to 16°C, with a
gradual increase of 1°C every 5 minutes until 16°C was reached for embryos reared at 10°C. The
temperature was then increased by 1°C every 15 minutes. Three vials per replicate were removed
at 20°C and placed in a water bath set to 20°C. 1 vial per replicate was removed after 1, 2, and 3
hours, respectively, and placed in a separate water bath for re-acclimation. Vials were reduced to
their original rearing temperature of 10°C or 16°C at a rate of -1°C every 15 minutes. The
remaining three vials per treatment underwent further heating to 25°C. 1 vial per replicate was
removed after 1, 2, and 3 hours, respectively, and re-acclimated to the original rearing
temperature as noted above. Embryos were kept in temperature-controlled units in treatment
specific petri dishes (42 units/𝐶𝑇𝑚𝑎𝑥 trial) until hatching. Water was changed 1-2 times per day
to ensure high oxygen availability. After ~24 hours, mortality was assessed and verified with a
digital camera (MC170 HD, Leica®) attached to a dissection microscope (SZ40
stereomicroscope, Olympus®) for loss of heartbeat. All surviving embryos were imaged after
hatching.
Spring Experiment
Embryos on vegetation were collected by WDFW and transported to SPMC. Trials began
when embryos were 60% developed (stage I in Kawakami et al., 2011) because it was necessary
to allow time for acclimation at both temperature regimes (~2 days). The methodology for the
𝐶𝑇𝑚𝑎𝑥 trials was kept constant between experiments. Due to the addition of one replicate cup per
treatment combination, the spring experiment contained 24 more vials than winter (7 vials × 4
replicates × 2 temperatures × 2 pCO2 treatments) for a total of 112 vials. However, since the
trials for each temperature were held on different days, only 56 vials were used in each
temperature trial. In contrast with the winter trials, 𝐶𝑇𝑚𝑎𝑥 embryos were held in 20 ml vials and
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submerged in the original temperature tanks until hatching, as this provided more efficient
temperature control than the previous experiment. The methods for assessment of mortality were
the same between experiments.
Oxygen Consumption and Heart Rate
Winter Experiment
A subset of living embryos from each temperature × pCO2 treatment were evaluated for
oxygen consumption rates (MO2 ) in the winter experiment. MO2 was not evaluated in spring due
to logistical constraints. When embryos at each temperature regime reached ~40% development,
5 embryos collected from 1 of 3 replicate cups were placed in 2-ml glass respirometry vials,
prefilled with seawater taken from each sample rearing cup. 3 blanks filled with treatment water
and a single glass mixing bead were measured alongside 6 sample vials (3 replicate cups × 2
treatments). Sample vials did not receive a mixing bead because embryos naturally served this
purpose. Embryos were checked for an active heartbeat prior to the MO2 trials using a dissection
microscope.
Respirometry vials were equipped with a single planar trace oxygen sensor spot
(PreSens®) that allows for optical measurements of dissolved oxygen through the glass. Trials
took place in a temperature-controlled walk-in chamber to maintain experimental temperature
while sampling occurred. Vials were submerged in a temperature-controlled water bath adjusted
to the embryonic rearing temperature of 10, 12, 14, or 16°C. Vials were measured for oxygen
concentrations (μmol/L) every 10 minutes for 60 minutes at their base temperature using a Fibox
4 oxygen meter with a PSt3 fiber optic sensor (PreSens®) using the PreSens® Measurement
Studio 2 Microsoft program. If oxygen percentage reached 80% or lower, new seawater with the
same temperature and pCO2 treatment was added to the vials. After 6 measurements were
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performed, vials were removed, full and dry weight were collected to accurately determine the
exact volume of water in each vial (total vial volume – total volume of eggs), and embryos were
preserved in formalin. The rate of oxygen consumption was analyzed and compared between
incubation treatments.
Spring Experiment
Heart contraction (HC) measurements were performed to assess respiratory stress in
living embryos from the 𝐶𝑇𝑚𝑎𝑥 trials. 60 second videos of the control and 25°C exposure
samples were taken using a digital camera (MC170 HD, Leica®) attached to a dissection
microscope (SZ40 stereomicroscope, Olympus®) 3 days post 𝐶𝑇𝑚𝑎𝑥 trial. Samples were held in
their 𝐶𝑇𝑚𝑎𝑥 vials in a temperature-controlled water bath until imaging. Up to 10 samples per
treatment were recorded, depending on survival numbers. Videos were later assessed for heart
rate (BPM) and compared between treatments.
Embryo and Larvae Analysis
Fertilization success was analyzed in the winter experiment based on the presence or
absence of a raised fertilization membrane in a randomly selected subset of ~30 embryos,
replicated 3 times in each of the 4 fertilization containers. Percent hatching was calculated as the
ratio of fully hatched larvae to the total number of embryos. Larval deformity rate was measured
twice as i) deformity rate over total embryos per replicate cup (N), and ii) deformity rate over
total hatchlings. Larvae were euthanized within one day of hatching and before they began
feeding with the use of 5-10 ml of 1000 mg/L MS-222 (Dinnel et al., 2008) until they were
unresponsive to physical stimuli. Anesthetized larvae were imaged and preserved in 5 ml vials
containing 5-10% formalin solution. Larvae in winter were imaged before preservation and
assessed for differences in length, body depth, body surface area, and yolk sac area using ImageJ
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software. In contrast, spring larvae were preserved and imaged post-experiment for
morphometric analysis. Due to the difference in larval imaging, samples cannot be compared
between experiments, and are solely compared within experiments.
Statistical Analysis
All statistical analyses were produced in R (R Core Team, 2022). Linear mixed-effects
models were used for the hatching parameters so that the random factor “header tank” could be
included, although it was established that the random factor was insignificant. Therefore, the
hatching analyses were assessed with a linear regression using an Analysis of Variance
(ANOVA). The fixed categorical factors included temperature, pCO2 , and their interaction for
the hatching response variables, oxygen consumption rates, heart rate, and larval morphology.
𝐶𝑇𝑚𝑎𝑥 statistical assessments were performed separately for embryos incubated at 10
and 16℃. In a separate analysis, incubation temperatures were compared for significant
differences in survival. Survival (%) was converted with a logit transformation (car package) due
to the non-normal distribution of data, and fixed factors included pCO2 , 𝐶𝑇𝑚𝑎𝑥 temperature,
duration hours, and 𝐶𝑇𝑚𝑎𝑥 temperature × duration hours. Significant values were determined
with an ANOVA. The multcomp package for post hoc comparisons assessed significance values
within treatments. Tukey’s HSD comparisons were used for the hatching data and the 𝐶𝑇𝑚𝑎𝑥
analysis to detect differences between means of significant parameters.
Oxygen consumption data were analyzed in R and followed statistical methodology
outlined in Murray & Klinger (2022). The analysis evaluated the significant effects of pCO2 ,
temperature, and the pCO2 × temperature interaction at the 4 incubation temperatures. Linear
regressions between oxygen consumption and time were fit for each respirometry vial. A
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Bonferroni outlier test was calculated for each vial and all outliers were removed. Resulting
slopes were used to calculate MO2 for each individual embryo (nmol O2 h−1). Background
oxygen change (calculated as the mean ∆O2 of all blank vials), vial seawater volume, and the
number of embryos per vial were accounted for when measuring embryonic MO2 . Oxygen
consumption values were then analyzed using ANOVA tests identical to those for hatching
success parameters described above.
A linear mixed-effects model was produced for the heart contraction data using the nlme
package due to the significance of “experiment cup” as a random factor, fit by restricted
maximum likelihood (REML). Fixed factors included temperature, pCO2 , temperature × pCO2 ,
𝐶𝑇𝑚𝑎𝑥 temperature, duration hours, and 𝐶𝑇𝑚𝑎𝑥 temperature × duration. Linear mixed-effects
models were compared, and the best fit model was chosen based on the lowest AIC value, which
indicates the best-fit model between the number of variables and REML estimate.
Larval morphological correlation matrices were produced with the Hmisc package. Each
morphological trait was evaluated independently using a linear regression and an ANOVA to
assess significance of temperature, pCO2 , and their interaction. Correlation matrices were used to
determine the relationship between treatments and morphometric variables. These response
variables included standard length (SL), head width (HW), yolk-sac area (YSA), somatic body
area (SBA), post-yolk body depth (PYBD) and post-vent body depth (PVBD).
Results
Fertilization and Hatching Success
Winter Experiment
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Fertilization success ranged from 68% to 75% across four replicate samples (overall
mean: 72.7%). Time to first hatch was influenced by temperature and the temperature × pCO2
interaction with larvae emerging at 16℃ after 7 days post fertilization (dpf) and increased to 11
dpf at 10℃ (ANOVA, p < 0.03, Figure 5, Table 5). Time to first hatch increased with elevated
pCO2 at 12℃, although no pCO2 effects were found at all other temperatures (Figure 5). Time to
peak hatch decreased significantly with elevated temperature (ANOVA, p < 0.0001, Figure 5)
and was slightly faster at the ambient pCO2 treatment (ANOVA, p = 0.04). Total hatch was not
significantly impacted by temperature, pCO2 , or their interaction (ANOVA, p > 0.05, Table 5).
The hatching success (%) in winter ranged from 54.67 ± 20.03 at the combined treatment of
10℃–high pCO2 to a low of 29.33 ± 09.87 at 16℃–low pCO2 (Table 6). Temperature had an
overall negative effect on hatching success (ANOVA, p = 0.05, Table 5), yet no pCO2 or
interactive effects were found. Between temperature treatments, embryos reared at 14℃ had a
significantly lower hatching success than those reared at 10℃ (Tukey’s HSD, p < 0.05, Figure
6).
Two modes of deformity rate were examined: i) deformity rate over total embryos per
replicate cup (N), and ii) deformity rate over total hatchlings. The former was significantly
affected by temperature, pCO2 , and their interaction (ANOVA, p < 0.05, Table 5). Deformity
rates were significantly lower at 10℃ under both pCO2 treatments (Tukey’s HSD, p < 0.02). As
temperature increased, deformity rates remained low under low pCO2 (0–8%) but increased
significantly to ~12% for embryos exposed to high pCO2 at 12-16℃ (Tukey’s HSD, p < 0.03,
Figure 7). When deformities are analyzed against the quantity of hatched larvae and exclude
embryos that did not hatch, deformities increased with temperature (ANOVA, p = 0.001, Table
5). No overall significant effect was found for pCO2 or the interaction, although a post hoc test
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revealed a significantly lower deformity rate in embryos in the 10℃–high pCO2 treatment versus
all other high pCO2 and temperature treatments (Tukey’s HSD, p < 0.05, Figure 8).

Table 5. Winter ANOVA results for time to first hatch (dpf), peak hatch (dpf), total hatch (%),
deformity rate of total embryos per replicate (%), deformity rate of total hatchlings (%), and
hatching success (%). Significant treatment effects are indicated in bold. Arrow indicates the
direction of the trait effect trend with increasing factor.
Trait
Time to First hatch

Time to Peak hatch

Total hatch

Anomaly rate (total embryos)

Anomaly rate (total hatch)

Hatching success

Factor
pCO2
Temp ↓
p𝐂𝐎𝟐 × Temp ↓
p𝐂𝐎𝟐 ↑
Temp ↓
pCO2 × Temp
pCO2
Temp
pCO2 × Temp
p𝐂𝐎𝟐 ↑
Temp ↑
p𝐂𝐎𝟐 × Temp ↑
pCO2
Temp ↑
pCO2 × Temp
pCO2
Temp ↓
pCO2 × Temp
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Df
1
3
3
1
3
3
1
3
3
1
3
3
1
3
3
1
3
3

F
4
480
4
5
498.86
2.86
1.93
0.97
0.77
12.85
6.19
3.58
3.20
7
1.70
0.05
5.12
0.10

p
0.06
<0.0001
0.03
0.04
<0.0001
0.07
0.18
0.43
0.53
<0.01
<0.01
0.04
0.09
<0.001
0.20
0.41
0.05
0.41

Table 6. Average hatching success (%) at incubation conditions in winter and spring
experiments. Treatment combinations of pCO2 + temperature are presented at ambient and high
pCO2 values and 4 discrete temperatures with mean ± 1 SD. Percent hatching is negatively
impacted by temperature treatment with no significant pCO2 effect for both winter and spring.
Temp
(℃)
10
12
14
16

Winter Experiment
Ambient p𝐂𝐎𝟐
High p𝐂𝐎𝟐
40.67 ± 13.32
54.67 ± 20.03
44.00 ± 10.39
37.33 ± 10.07
30.00 ± 19.29
39.33 ± 15.01
29.33 ± 09.87
44.67 ± 10.26

Spring Experiment
Ambient p𝐂𝐎𝟐
High p𝐂𝐎𝟐
78.00 ± 5.89
79.50 ± 10.50
----63.50 ± 18.86
35.50 ± 21.56

Spring Experiment
Eggs were collected in situ in the spring experiment and therefore no fertilization success
was measured. Temperature significantly reduced time to first hatch and peak hatch (ANOVA, p
< 0.0001, Table 7) and no effect of pCO2 was found. Embryos held at 16℃ hatched first and
experienced peak hatch at 8 dpf at both pCO2 levels (Figure 5). Time to first hatch, time to peak
hatch, total hatch and hatching success for embryos held at 10℃ were substantially higher than
embryos held at 16℃ (ANOVA, p < 0.05, Figure 5, Table 6, Table 7). Given the once daily
sampling and strong temperature effect, standard deviation between replicates in the time to first
hatch analysis was non-existent within each temperature treatment, resulting in a non-sensical Fvalue (Table 7). Overall, pCO2 and the temperature × pCO2 interaction did not significantly
affect any tested hatching parameter in the spring experiment (Table 7).
Springtime larvae had inverse effects of temperature on total embryo deformity rate
compared to winter, with significantly higher deformities in larvae reared at 10℃ compared to
16℃ (ANOVA, p = 0.02, Figure 7, Table 7). No significant temperature × pCO2 interaction
effects were found in spring, in contrast to winter experimental findings. Deformity rate assessed
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with total hatchlings did not show temperature to be significant with any incubation treatment in
spring (Figure 8, Table 5, Table 7).

Table 7. Spring ANOVA results for time to first hatch (dpf), peak hatch (dpf), total hatch (%),
anomaly rate of total embryos per replicate (%), anomaly rate of total hatchlings (%), and
hatching success (%). Significant treatment effects are indicated in bold. Arrow indicates the
direction of trait effect trend with increasing factor.
Trait
Time to First hatch

Time to Peak hatch

Total hatch

Deformity rate (total embryos)

Deformity rate (total hatch)

Hatching success

Factor
pCO2
Temp ↓
pCO2 × Temp
pCO2
Temp ↓
pCO2 × Temp
pCO2
Temp ↓
pCO2 × Temp
pCO2
Temp ↓
pCO2 × Temp
pCO2
Temp
pCO2 × Temp
pCO2
Temp ↓
pCO2 × Temp
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Df
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

F
0.05
--0.05
0.09
87.36
0.81
2.90
14.17
3.60
0.42
6.803
0.75
1.61
0.051
1.11
3.37
5.38
3.12

p
0.51
<0.0001
0.51
0.77
<0.0001
0.38
0.11
<0.01
0.08
0.53
0.02
0.40
0.23
0.82
0.31
0.09
0.04
0.10
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Figure 5. Daily hatch (%) and cumulative hatch (%) versus days post fertilization (dpf) at all
incubation conditions. Treatment combinations of pCO2 + temperature are represented at ambient
and high pCO2 and 2 or 4 discrete temperatures (winter: 10, 12, 14, 16℃; spring: 10, 16℃).
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Temperature is indicated by color; pCO2 is indicated by open symbols/lighter shades (ambient)
versus closed symbols/darker shades (high).

Figure 6. Hatching success (%) at 4 discrete temperature treatments for winter (left) and two
discrete temperatures for spring (right) experiments. Temperature had a significant effect on
hatching success in winter (ANOVA, p = 0.05) and spring (ANOVA, p = 0.04). The pCO2 and
temperature × pCO2 treatments were not significant in either experiment. Embryos at 10℃ had
significantly higher hatching success than all other temperature treatments, indicated with letters
(a, b) (Tukey’s HSD, p < 0.05).
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Figure 7. Effects of temperature on larval deformities over total embryos per replicate (N) (%) in
winter (left) and spring (right) experiments. Temperature, pCO2 , and their interaction had
significant effects in winter (ANOVA, p < 0.04). Deformities were significantly lower at 10℃
compared to all other temperatures in winter (Tukey’s HSD, p < 0.03). Letters (a, b) denote
significant difference between temperatures in the high pCO2 condition (Tukey’s HSD, p < 0.05).
Temperature had a significant, negative effect in spring (ANOVA, p = 0.02). Significantly
different temperature treatments are marked with an asterisk (*).

36

Figure 8. Effects of temperature on larval deformities over total hatch count (%) in winter (left)
and spring (right). Temperature had a significant, positive effect in winter (ANOVA, p = 0.01).
Deformities were significantly lower at 10℃ compared to all other temperatures in winter
(Tukey’s HSD, p < 0.03). Letters (a, b) denote significant differences between temperatures in
the high pCO2 condition (Tukey’s HSD, p < 0.05). No significance was found in spring
(ANOVA, p > 0.05). Significantly different temperature treatment in winter is marked with an
asterisk (*).

Critical Thermal Maximum
Winter Experiment
The main factors that contribute to survival rates during a marine heat wave are the
maximum exposure temperature (𝐶𝑇𝑚𝑎𝑥 temperature), duration of exposure at 𝐶𝑇𝑚𝑎𝑥
temperature (duration), and their interactive effects (Table 8, Table 9). No significant differences
in survival were found between incubation temperatures. Percent survival in winter was higher in
all tested parameters compared to spring. The singular significant pCO2 effect was found in the
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winter experiment at 16℃ with slightly diminished survival at high pCO2 levels compared to
ambient pCO2 (ANOVA, p = 0.01, Table 8, Table 9). Embryos experiencing short term exposure
at 20℃ had similar survival to the control, regardless of rearing temperature or duration of
exposure (Figure 9). Duration was associated with a steady decline in survival across incubation
temperatures (ANOVA, p < 0.01, Figure 9). This is particularly apparent in the 25℃ trials due to
the interactive effects between 𝐶𝑇𝑚𝑎𝑥 temperature and duration. In the winter experiment,
embryos exposed to 1 or 2 hours at 25℃ did not differ from the control or 20℃ treatments,
although 3 hours of exposure at 25℃ significantly reduced survival compared to all other
treatments in the 10℃ and 16℃ rearing temperatures (Tukey’s HSD, p < 0.02). Embryos
experienced significantly diminished survival rates at 3 hours of exposure compared to the
control, 1 and 2 hours across treatments (Tukey’s HSD, p < 0.02).
Spring Experiment
Springtime embryos declined to ~0% survival at 25℃–3 hours (Figure 9). Similar to
winter, spring embryos experienced a decline in survival at increasing duration hours (ANOVA,
p < 0.0001, Figure 9). This is particularly apparent in the 25℃ trials due to the interactive effects
between 𝐶𝑇𝑚𝑎𝑥 temperature and duration. Heightened 𝐶𝑇𝑚𝑎𝑥 temperature and longer duration
hours significantly reduced survival in both experiments (ANOVA, p < 0.01, Table 8, Table 9).
Contrary to the winter experiment, springtime embryos exhibited significantly reduced survival
at 2 or 3 hours of 25℃ exposure compared to the control and 20℃ treatments across rearing
temperatures (Tukey’s HSD, p < 0.001). 25℃–3 hours presented the lowest survival rates across
incubation temperatures and experiments (Figure 9). As in the winter experiment, no significant
differences in survival were found between incubation temperatures.
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Table 8. Winter ANOVA results for embryo survival in Critical Thermal Maximum (𝐶𝑇𝑚𝑎𝑥 )
experiments at incubation temperatures of 10 and 16℃. Arrow indicates the direction of trait
effect trend with increasing factor.
ANOVA
10℃
pCO2
𝑪𝑻𝒎𝒂𝒙 Temp ↓

Df
1
1

F
1.60
13.03

p
0.23
<0.001

Duration ↓

3

6.79

0.001

𝑪𝑻𝒎𝒂𝒙 × Duration ↓

2

7.95

0.01

16℃
p𝐂𝐎𝟐 ↓

Df
1

F
7.26

p
0.01

𝑪𝑻𝒎𝒂𝒙 Temp ↓

1

10.03

<0.01

Duration ↓

3

4.70

<0.01

𝐶𝑇𝑚𝑎𝑥 × Duration

2

1.46

0.24

Table 9. Spring ANOVA results for embryo survival in Critical Thermal Maximum (𝐶𝑇𝑚𝑎𝑥 )
experiments at incubation temperatures of 10 and 16℃. Significant factors are indicated in bold.
Arrow indicates the direction of trait effect trend with increasing factor.
ANOVA
10℃
pCO2
𝑪𝑻𝒎𝒂𝒙 Temp ↓
Duration ↓
𝑪𝑻𝒎𝒂𝒙 × Duration ↓

Df
1
1
3
2

F
0.06
130.47
11.42
5.35

p
0.80
<0.0001
<0.0001
<0.0001

pCO2
𝑪𝑻𝒎𝒂𝒙 Temp ↓

Df
1
1

F
1.68
133.47

p
0.20
<0.0001

Duration ↓
𝑪𝑻𝒎𝒂𝒙 × Duration ↓

3
2

16.04
7.96

<0.0001
<0.0001

16℃
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Figure 9. The interactive effects of 𝐶𝑇𝑚𝑎𝑥 temperature (20, 25℃) and exposure duration
(control, 1, 2, 3 hrs.) on embryo survival (%) in winter (left) and spring (right) experiments at
two incubation temperatures (10, 16℃). 𝐶𝑇𝑚𝑎𝑥 temperature, duration hours and 𝐶𝑇𝑚𝑎𝑥
temperature × duration significantly impacted survival in winter and spring embryos. pCO2 was
significant in winter at 16℃ (ANOVA, p < 0.01).

Oxygen Consumption Rate
Oxygen Consumption rates (MO2 ) were measured in a subsample of survival embryos
held at the 4 temperature treatments and 2 pCO2 levels at ~15% development in the winter
experiment. Temperature and pCO2 significantly impacted MO2 (ANOVA, p = 0.01, Figure 10,
Table 10). A post hoc test indicated that samples held at 10℃ produced significantly lower MO2
values by an average of 41.97% compared to those held at 12℃ and 16℃ (Tukey’s HSD, p <
0.03). No significant difference was found between 10℃ and 14℃. Embryos in the high pCO2
treatment displayed significantly higher oxygen consumption rates by an average of 24.52%
across temperature regimes compared to ambient pCO2 .
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Table 10. ANOVA results for oxygen consumption rates per embryo (MO2 ) (nmol 𝑂2 ℎ𝑟 −1) in
the winter experiment. Significant values indicated in bold. Arrow indicates the direction of trait
effect trend with increasing factor.
Factor
p𝐂𝐎𝟐 ↑
Temp ↑
pCO2 × Temp

Df
1
3
3

F
8.08
4.90
0.21

p
0.01
0.01
0.88

Figure 10. Embryonic oxygen consumption rates (MO2 ) at ~15% development at 4 discrete
temperatures and 2 discrete pCO2 treatments in the winter experiment. MO2 is significantly
impacted by temperature and pCO2 . MO2 is significantly lower at 10℃ (a) compared to 12 and
16℃ (b) and is not significantly different from 14℃ (ab) (Tukey’s HSD, p < 0.03). MO2 is
significantly higher at high pCO2 compared to ambient (*) (ANOVA, p = 0.01).
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Heart Contractions
Heart contractions were not affected by pCO2 , and therefore the analysis was completed
on combined pCO2 data within each treatment category. Heart contractions were measured in
control embryos and those held at 25℃ in measurements taken 3 days post-𝐶𝑇𝑚𝑎𝑥 exposure.
Heart rate was significantly affected by duration hours of 𝐶𝑇𝑚𝑎𝑥 exposure and the interaction of
exposure duration and incubation temperature (LMM, p < 0.03, Table 11). The average heat rate
(BPM) for control samples kept at their original incubation temperatures were similar between
10℃ (87.95 ± 14.57) and 16℃ (92.25 ± 14.75) (Figure 11). Notably, the interaction effect of
incubation temperature and duration of 𝐶𝑇𝑚𝑎𝑥 exposure resulted in a sharper rate of increase at
10℃ compared to 16℃ and a higher overall heart rate (Figure 11). At 3 hours of exposure, the
average heart rate was 119 ± 7.63 BPM (10℃) and 103.85 ± 15.25 (16℃) (Figure 11).

Table 11. LMM results for heart contractions in control embryos and those held at 25℃ in
measurements taken 3 days post-𝐶𝑇𝑚𝑎𝑥 exposure in the spring experiment. Significant values
indicated in bold. Arrow indicates the direction of trait effect trend with increasing factor.
Factor
Incubation Temp
Max Temp
Duration ↑
Incubation Temp ↓
× Duration ↑

Df
14
199
199
199

Std. Error
0.6209
0.2680
5.7872
0.3567
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p
0.32
0.42
<0.01
0.03
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Figure 11. Heart rate (beats min−1) over incubation temperature and 𝐶𝑇𝑚𝑎𝑥 duration in spring.
Duration of 𝐶𝑇𝑚𝑎𝑥 exposure at 25℃ and the interaction of duration and incubation temperature
significantly impacted heart rate (LMM, p < 0.03), as seen in the differing slopes of the best fit
lines for each temperature treatment. The shaded area indicates the standard error.

Larval Morphology
Winter Experiment
In winter, the temperature × pCO2 interaction was significant for standard length (SL),
post-yolk body depth (PYBD), post-vent body depth (PVBD), yolk sac area (YSA) and somatic
body area (SBA) (ANOVA, p < 0.01, Table 13). SL was significantly smaller at 16℃–high pCO2
compared to 14℃–high pCO2 (Tukey’s HSD, p = 0.01), indicating that there is a negative effect
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of temperature at higher pCO2 treatments. PYBD and PVBD increased with temperature, pCO2 ,
and their interaction (ANOVA, p < 0.05, Table 12, Table 13), although the increase was much
greater in PYBD compared to PVBD (Figure 12). The 10℃ treatment produced significantly
larger YSA compared to all other temperature treatments (Tukey’s HSD, p < 0.04), along with
the interactive effects of the 10℃–high pCO2 treatment versus the combined pCO2 and
temperature treatments at 12, 14, and 16℃ (Tukey’s HSD, p < 0.01). SBA was significantly
larger at 14℃–high pCO2 compared to the 10 and 16℃ treatment combinations (Tukey’s HSD, p
< 0.01, Figure 12). Head width (HW) was not affected by any treatment.
In a correlation matrix of all morphometric traits and incubation conditions, temperature
was negatively correlated with HW, SL and SBA (Table 13) but none were significant when
assessed independently with the treatment variables (ANOVA, p > 0.05, Table 12). pCO2 was
positively correlated with all morphometric traits (Table 13), yet only PYBD and PVBD showed
significant relationships (ANOVA, p < 0.03, Table 12). There is a general, positive trend in
PYBD with increasing temperature. In contrast, there is a negative correlation between YSA and
temperature with limited pCO2 effects (Table 13, Figure 12). PYBD, PVBD, and SBA were
closely correlated with each other (Table 13).
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Table 12. Winter ANOVA summary statistics of morphometric traits in individual models for
each trait with the degrees of freedom (Df) and F-values presented. Significant results are
indicated in bold. Arrow indicates the direction of trait effect trend with increasing factor. No
arrow next to significant factor indicates inconclusive trend results.
ANOVA
Trait
SL –
Standard
Length
HW –
Head Width
PYBD –
Post Yolk
Body Depth
PVBD –
Post Vent
Body Depth
YSA –
Yolk Surface
Area
SBA –
Somatic
Body Area

Factor
pCO2
Temp
p𝐂𝐎𝟐 × Temp
pCO2
Temp
pCO2 × Temp

Df
1
3
3
1
3
3

F
0.16
1.53
4.51
0.84
1.26
1.18

p
0.69
0.20
<0.01
0.36
0.28
0.32

p𝐂𝐎𝟐 ↑
Temp ↑
p𝐂𝐎𝟐 × Temp ↑
p𝐂𝐎𝟐 ↑
Temp ↑
p𝐂𝐎𝟐 × Temp ↑
pCO2
Temp ↓
p𝐂𝐎𝟐 × Temp ↓
pCO2
Temp
p𝐂𝐎𝟐 × Temp

1
3
3
1
3
3
1
3
3
1
3
3

12.47
32.69
5.88
4.91
6.06
1.35
0.11
8.80
3.97
2.17
1.42
2.48

<0.0001
<0.0001
<0.001
0.03
0.05
<0.01
0.74
<0.0001
<0.01
0.14
0.07
<0.0001

Table 13. Winter Pearson correlation coefficients matrix of morphometric traits and incubation
treatments. Traits are abbreviated as standard length (SL), head width (HW), post-yolk body
depth (PYBD), post-vent body depth (PVBD), yolk-sac area (YSA), and somatic body area
(SBA).
Temp
p𝐂𝐎𝟐
SL
HW
PYBD
PVBD
YSA
SBA

Temp
0.09
-0.09
-0.07
0.42
0.13
-0.19
-0.03

p𝐂𝐎𝟐
0.09
0.02
0.04
0.15
0.11
0.02
0.07

SL
-0.09
0.02
0.03
0.33
0.42
0.04
0.83

HW
-0.07
0.04
0.03
-0.07
-0.04
0.10
0.001
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PYBD
0.42
0.15
0.33
-0.07
0.49
-0.007
0.50

PVBD
0.13
0.11
0.42
-0.04
0.49
-0.002
0.52

YSA
-0.12
0.02
0.04
0.10
-0.007
-0.002
-0.04

SBA
-0.03
0.07
0.83
0.001
0.50
0.52
-0.04
-

Spring Experiment
The interaction of temperature and pCO2 significantly affected SL, HW, and PYBD in the
spring experiment (ANOVA p < 0.02, Table 14). SL was significantly larger at 16℃–high pCO2
compared to ambient pCO2 treatments at 10 and 16℃ (Tukey’s HSD, p < 0.05, Figure 12).
Similarly, HW was largest at 16℃–ambient pCO2 versus 10℃–ambient pCO2 (Tukey’s HSD, p =
0.01), presenting evidence for a temperature effect at low pCO2 treatments. PYBD was
significantly larger at high pCO2 treatments (ANOVA, p = 0.03, Table 14) and exhibited the
largest value at 16℃–ambient pCO2 (Figure 12). As a single stressor, pCO2 had a significant,
negative effect on PYBD (ANOVA, p = 0.03) and no other significant outcomes. Temperature
did not have a significant, independent effect on any trait (Table 14).
In a correlation matrix, temperature was positively correlated, and pCO2 was negatively
correlated, with all morphometric traits (Table 15). Although a trend is difficult to decipher, trait
values for SL, HW, and PYBD are greatest at the combined treatment of 16℃ and ambient pCO2
(Figure 12). The strongest positive correlation in the spring experiment was seen between postyolk PYBD and PVBD (Table 15). SL, HW, and PYBD were positively correlated with each
other (Table 15). Morphometrics cannot be compared across experiments because of differences
in preservation before imaging.
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Table 14. Spring ANOVA summary statistics of morphometric traits in individual models for
each trait with the degrees of freedom (Df) and F-values presented. Significant results are
indicated in bold. No arrow next to significant factor indicates inconclusive trend results.
ANOVA
Trait
SL –
Standard Length
HW –
Head Width
PYBD –
Post-Yolk Body
Depth
PVBD –
Post Vent Body
Depth

Factor
pCO2
Temp
p𝐂𝐎𝟐 × Temp
pCO2
Temp
p𝐂𝐎𝟐 × Temp
p𝐂𝐎𝟐
Temp
p𝐂𝐎𝟐 × Temp
pCO2
Temp
pCO2 × Temp

Df
1
1
1
1
1
1
1
1
1
1
1
1

F
0.4133
0.8043
10.5632
0.2135
2.3037
9.2191
4.5643
0.6255
6.3811
0.8002
1.1962
2.5719

p
0.52
0.37
<0.02
0.64
0.13
<0.02
0.03
0.43
0.01
0.37
0.28
0.11

Table 15. Spring Pearson correlation coefficients matrix of morphometric traits and treatment
levels. Traits are abbreviated as standard length (SL), head width (HW), post-yolk body depth
(PYBD) and post-vent body depth (PVBD).
Temp
p𝐂𝐎𝟐
SL
HW
PYBD
PVBD

Temp
-0.08
0.09
0.15
0.09
0.12

p𝐂𝐎𝟐
-0.08
-0.06
-0.05
-0.21
-0.09

SL
0.09
-0.06
0.31
0.16
0.15

HW
0.15
-0.05
0.31
0.28
-0.01
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PYBD
0.09
-0.21
0.16
0.28
0.41

PVBD
0.12
-0.09
0.15
-0.01
0.41
-
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Figure 12. Morphometric traits of Pacific herring larvae on the day of peak hatch (upper; winter)
and in a post-preservation analysis (lower; spring). Box plots depict distributions of six (four)
morphometric traits in winter (spring). Box plots are color coded by temperature (10℃, 12℃,
14℃, 16℃) and pCO2 (high, ambient) treatment condition. High pCO2 is visible in darker shades
and ambient pCO2 are depicted in lighter shades. Winter significant effects included SL
(temp*pCO2 ), PYBD (temp, pCO2 , temp*pCO2 ), PVBD (temp, pCO2 , temp*pCO2 ) and YSA
(temp, temp*pCO2 ), SBA (temp*pCO2 ) (ANOVA, p < 0.05). Spring significant treatments
included SL (temp*pCO2 ), HW (temp*pCO2 ) and PYBD (pCO2 , temp*pCO2 ) (ANOVA, p <
0.02).
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Discussion
The purpose of this study was to elucidate the effects of ocean acidification, temperature
rise, and extreme heating events on the physiology and survival of embryonic Pacific herring.
Pacific herring is an important forage fish species that acts as a link between primary producers
and higher trophic levels (Cury et al., 2000). At the physiological level, changes in temperature
and pCO2 will have implications for reproduction, growth, and survival on marine species. Early
life stages of fish tend to have a narrower thermal tolerance and less resistance to pH fluctuations
than juveniles and adults because regulatory pathways and central organ systems are not fully
developed (Pörtner et al., 2006). At the embryonic and larval stages in marine fishes, even small
changes in growth and mortality can have consequences for recruitment success at the population
level (Pörtner & Peck, 2010). Recruitment variability is likely affected by temperature, which
has strong control over the physiology, metabolic processes, growth, and behavior in marine
fishes (Blaxter, 1992; Houde, 2008).
Pacific herring is a pelagic species that spawns in nearshore habitats which are regularly
exposed to wide temperature and pH fluctuations (Penttila, 2007). Spawning stock biomass in
the Southern Salish Sea has been in decline for ~50 years, suggesting that recruitment and
survival have been negatively impacted by anthropogenic causes (Sandell et al., 2022). A genetic
analysis of Pacific herring stocks found that location and spawn timing is reinforced by
photoperiod-dependent reproduction rather than temperature (Petrou et al., 2021), indicating that
adjustments in spawning phenology are unlikely. The variation in spawn timing (winter versus
spring) between stocks provides an important food resource to a wide variety of organisms
through a significant swath of space and time along the Pacific Coast, contributing to an interest
in the effects of global change on Pacific herring populations (Stick et al., 2014; Sandell et al.,
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2022). The results presented here are critical to enhancing conservation practices and policy
related to the survival of this species.
Hatching Parameters
We corroborated and expanded upon previous research performed on Pacific herring by
testing the effects of rearing temperature and pCO2 on hatching success, hatch timing, and
deformity rates. Villalobos et al. (2020) found increased mortality with elevated temperature and
our experiments yielded similar results, with lower hatching success at higher temperatures in
both winter and spring spawning stocks, along with lower total hatch in spring embryos (Table 5,
Table 7). Recruitment is impacted by density-dependent effects in adults (fecundity, egg quality)
(Houde, 2008), which is likely linked to variations in hatching success. An obvious feature of our
data is the lower mean hatching success value in winter embryos (40%) compared to spring
(64%). Although we cannot conclude why hatching success was lower than expected in winter
spawners, one hypothesis is variability in parental egg viability, which can vary between
individuals and could result in lower survival rates. Egg viability also differs due to experimental
differences in fertilization (winter) versus field collected embryos (spring). Hatching success in
other Pacific herring studies evaluated at ~10℃ ranged from 61% to 78% (Villalobos et al.,
2020; Murray & Klinger, 2022, respectively). The lower hatching success at elevated
temperatures align with our understanding of temperature-dependent hatching dynamics in
herring, which has been corroborated in numerous studies (Alderice, 1971; Villalobos et al.,
2020; Leo et al., 2018; Murrey & Klinger, 2022).
We found that pCO2 and its interaction with temperature did not significantly impact
hatching success or total hatch, which is broadly consistent with both Villalobos et al. (2020) and
Murray & Klinger (2022). However, our data suggests there may be a negative trend of reduced
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hatching success with elevated pCO2 in the spring experiment that was insignificant due to high
variability. Similarly, Murray & Klinger (2022) found a trend towards lower hatching success in
Pacific herring in embryos exposed to a heat wave × high pCO2 compared to heat wave × low
pCO2 , but this was insignificant. Both studies suggest a potential pCO2 effect, which could be
assessed in a repeated study with more replication. A meta-analysis performed by Cattano et al.
(2018) did not find a pCO2 effect on total hatch in embryonic fish, such as Atlantic cod and
Atlantic herring. Contrary to these findings, Dahlke et al. (2020) found nearly half the total hatch
in Atlantic cod embryos exposed to both elevated temperature and pCO2 compared to the control.
Clear effects of elevated pCO2 on reducing hatching success have been established in some
temperate fish, such as the northeastern Atlantic forage fish species, the northern sand lance
(Ammodytes dubius) (Baumann, et al., 2022; Murray et al., 2019). In Pacific herring, Villalobos
et al. (2020) supports the idea that there might be a subtle pCO2 effect, often obscured by
variability given that they found an effect on total hatch but not on hatching success (Table 1).
Temperature is known to have a strong effect on the rates of fish egg development
(Mabee et al., 2000), and it is therefore unsurprising that the average time to peak hatch and time
to first hatch shortened as incubation temperature increased (Table 5, Table 7). Murray &
Klinger (2022) found evidence of a small delay in hatching at elevated pCO2 levels in Pacific
herring. This occurrence is substantiated in the winter experiment, where high pCO2 embryos
experienced peak hatch at 11 dpf compared to 10 dpf at ambient conditions (Figure 5). We
cannot know if this trend was present at other temperatures in slightly smaller magnitudes
because hatch counts were performed in the morning of each experimental day. Differences in
hatch timing of less than a full day cannot be resolved with the once-a-day sampling pattern.
Deformity Rates
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Although temperature is considered the main driver of developmental defects,
acidification can cause a potentially harmful decline in internal pH which would require
additional ATP to restore – reducing ATP dedicated to growth and development (Pörtner, 2008;
Dahlke et al., 2017). Developmental deformities are often the result of an ATP shortage at
critically high or low temperatures (Dahlke et al., 2020; Leo et al., 2018) and from thermal
damage to proteins at extreme temperatures (Somero, 2010). The eggs of marine ectotherms
thermally equilibrate with the environment which may cause more damage in development
compared to adult fish (Finn & Kapoor, 2008). Gastrulation is a critical phase of development
where formation of the germ layer leads to the differentiation of tissues and organs (Kimmel et
al., 1995). Defects during gastrulation are especially prone to elevated rates of deformities and
mortality, and therefore this stage could be considered a bottleneck for survival (Dahlke et al.,
2020). Larval deformities in fishes can impede feeding and swimming activity, predator
avoidance, and growth, which may ultimately lead to reduced long-term survivability (Noble et
al., 2012). In Pacific herring, the germ layer forms at ~2 days post fertilization (Kawakami et al.,
2011) which means that elevated temperature or pCO2 exposure prior to this may produce higher
deformity rates. As a result, we expected to see increased deformities and mortality at heightened
rearing temperatures and to a lesser degree, at elevated pCO2 based on general trends, however
specific information about closely related species makes this prediction less certain.
Murray and Klinger (2022) found the expected pattern where elevated temperature
significantly increased larval deformities in Pacific herring, while the effect of elevated pCO2 in
heat wave-exposed embryos led to a small, insignificant increase in deformities. In Atlantic cod
(Frommel et al., 2012) and Atlantic herring (Frommel et al., 2014), severe tissue and organ
damage was found in larvae exposed to high pCO2 levels. In a study on the effects of pCO2 and
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temperature on Atlantic herring, deformities were higher in groups exposed to elevated pCO2 ,
but contrary to expectations, no significant temperature effects were found (Leo et al., 2018).
Franke & Clemmeson (2011) did not find a pCO2 effect on deformity rates but did identify a
reduced RNA/DNA ratio which indicates a decrease in protein biosynthesis and metabolic
change (Table 1). Villalobos et al. (2020) found no significant difference in deformities between
temperature or pCO2 treatments.
In the winter experiment, deformities increased with temperature, as expected based on
the general literature, regardless of count methodology. Deformities were low at both pCO2
levels in winter larvae at ambient temperature, and sharply increased with the combined effect of
elevated temperature and high pCO2 treatments, while temperature had little effect in the low
pCO2 treatments (Figure 7). This finding contributes evidence to the effect of pCO2 on deformity
rates in herring, likely due to increased energy allocation to pH buffering, and reduced ATP to
growth and development (Pörtner, 2008; Dahlke et al., 2017).
Springtime larvae exhibited a decrease in deformities at elevated temperature when
measured over total embryos (Table 7, Figure 7). Either an increase in deformities with elevated
temperature (Murray & Klinger, 2022; Dahlke et al., 2017) or no effect (Villalobos et al., 2020;
Leo et al., 2018) has been found in temperate fish, but decreased deformities at heightened
temperatures is atypical. We postulated that elevated temperature may lead to increased larval
mortality and that these dead embryos may be degraded so embryo deformities cannot be
recognized before deformity data is collected, leading to lower counts of larval deformities in
elevated temperature compared to ambient temperature. Moreover, it is likely that heightened
temperature prevents some damaged larvae from hatching, resulting in lower hatching success
(Figure 5) and reduced deformity rates (Figure 6). Deformity rates over total hatchlings did not
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exhibit the unexpected decrease in deformity rate at high temperature, suggesting that there is a
temperature effect on embryos that result in reduced hatching rate at elevated temperature. This
is corroborated with the reduced total hatch at elevated temperatures in the spring experiment,
which supplies evidence for an embryo mortality effect before hatching (Figure 5). There is
evidence for both temperature and pCO2 effects in the winter experiment, but the variable results
from previous studies are echoed in the lack of clear effects in the spring spawning population,
which is worthy of further investigation.
Critical Thermal Maximum
𝐶𝑇𝑚𝑎𝑥 is a relatively novel mode of experimentation in forage fish and researchers are
still discovering the genetic and environmental effects of temperature and pCO2 on thermal
limits. Our study did not determine the exact temperature at which critical maximum is reached.
However, we can conclude that the maximum temperature of survivability is above 20℃ and is a
function of temperature, duration of exposure, and their interaction. The analysis of 𝐶𝑇𝑚𝑎𝑥
survival found no difference in samples held at 20℃ versus the control, yet survival dropped
significantly at 25℃ in winter and spring embryos, in both incubation temperatures (Table 8,
Table 9). Survival exhibited a downward trend with increasing time at 25℃ in both winter and
spring experiments (Figure 9). During spawning events, eggs are deposited on subtidal plant
material, located in shallow water that is prone to heat transfer from atmospheric temperatures.
The increased frequency of marine heat waves in March–June expose springtime embryos to a
higher range of temperatures than winter embryos. Extended hours/days of exposure at or around
25℃ would have severe impacts on survival, reducing herring biomass and recruitment success,
effects more likely to be encountered by the later spawning populations. Embryos are likely
exposed to atmospheric temperatures during low tide, which occurs at night in the winter and
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transitions to the daytime in late spring, which contributes to greater potential temperature stress
in spring embryos.
The impact of acclimation on the thermal limits of marine fishes is a central question
when investigating the effects of global change on a given species. We found no significant
effect of incubation temperature on survival rates during 𝐶𝑇𝑚𝑎𝑥 trials, indicating that changes in
embryonic basal temperature up to 16℃ does not alter the thermal window of Pacific herring. In
contrast to our findings, Moyano et al. (2017) found that 𝐶𝑇𝑚𝑎𝑥 was significantly higher in
Atlantic herring larvae acclimated to elevated incubation temperatures when exposed throughout
development (~60 days). It is important to note that acclimation is less likely to occur at the
embryonic stage due to the limited time to hatching. A prolonged early life stages study on the
effects of incubation temperature and pCO2 treatment on the thermal window of Pacific herring
would provide a direct comparison with these related species.
A primary motivation for the 𝐶𝑇𝑚𝑎𝑥 analysis was to assess the effects of spawning
population on the acclimation potential and thermal limits of Pacific herring embryos. The Port
Gamble (winter) herring stock spawns between January and March (Sandell et al., 2016) in SSTs
of 8-10℃ (Fassbender et al., 2018). Optimal spawning temperatures may enhance genetic and
parental health causing population resiliency at extreme temperatures. The Cherry Point (spring)
herring stock exhibits peak spawn in May and June (Sandell et al., 2016), when extreme diel
variability in nearshore spawning habitats can occur. Survival across experiments exhibited a
similar pattern of little to no decline at 20℃ and a significant decline at 25℃ across duration
hours (Figure 9), which seems to indicate that survivability at these conditions is similar between
the two populations. The ambient pCO2 treatment in the 16℃ winter embryos exhibited
significantly higher survival than the high pCO2 treatment (Table 8). This result could indicate
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that there is a lethal physiological effect of elevated pCO2 and incubation temperature on herring
embryos during a marine heatwave, although this should be interpreted with caution given its
absence in the other three models and apparently small effect size.
Survival was higher in all tested 𝐶𝑇𝑚𝑎𝑥 parameters in winter spawners compared to
spring spawners (Figure 9). Survival rates at the control and 20℃ exposure treatments for winter
spawners ranged from 85-100%, whereas survival for spring spawners fell between 45-75%,
regardless of incubation treatment (Figure 9). It is unclear why spring control embryos exhibited
lower survival rates compared to their winter counterparts. Differences in methodology may
contribute to variation in survival between experiments. Future research could determine if
springtime embryos are prone to higher background mortality rates compared to winter
spawners. This would point to reduced resiliency at the genetic level that is likely a result of
variable temperature effects. Marshall (2012) found some evidence of temperature acclimation
and higher survival in the Cherry Point stock compared to two other Puget Sound herring stocks,
yet the limited sample size in that study requires further testing.
Oxygen Consumption Rates
In contrast to research done with Atlantic cod (Dahlke et al. 2017), Atlantic herring (Leo
et al., 2018), and recent work with Pacific herring (Murray & Klinger, 2022), where pCO2 did
not influence oxygen consumption rates, we found significantly higher MO2 values at high pCO2
compared to ambient pCO2 at all temperatures (Figure 10). Murray & Klinger (2022) found a
non-significant trend of reduced routine metabolic rate (RMR) (6.3% reduction) with high pCO2
in Pacific herring embryos of the same age. They observed increasing RMR in heatwaveexposed embryos with days post fertilization (dpf) (Murray & Klinger, 2022). This increase
could be expected based on the known increase in natural oxygen consumption at later stages of
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development (Levels et al., 1986; Miyashima et al., 2012). Heat wave-exposed embryos in that
study were at a later stage of development compared to embryos held at ambient temperature at
the same dpf, and therefore we cannot compare the pCO2 effects directly between studies. Our
research examined MO2 based on developmental stage rather than dpf. Prior work on Atlantic
herring found a direct effect of temperature on MO2 with no pCO2 effect in measurements
performed at similar development stages (Leo et al., 2018). The variable results into the impact
of acidification on MO2 should be studied further to understand if energetic supply restraints
imposed by global change affects metabolism in mechanisms similar to deformity rates and
hatching success.
Many temperate fish show a parabolic relationship between MO2 and temperature
(Lefevre, 2016). Our study saw significantly lower MO2 values at 10℃, and similar values at 12–
16℃ (Table 11, Figure 10), a plateau which might indicate that this is the peak of a parabolic
relationship between temperature and MO2 . Oxygen consumption rates of Atlantic cod (Gadus
morhua) were influenced by an interactive effect of pCO2 and temperature, where embryos
exposed to elevated pCO2 at cold and intermediate temperatures (0-9℃) exhibited an increase in
MO2 relative to embryos at low pCO2 levels, yet MO2 significantly declined at the highest
temperature (12℃) and elevated pCO2 combination (Dahlke et al., 2017). Although our results
did not present an interactive effect of pCO2 and temperature, we did not assess the effects on
MO2 at elevated pCO2 and temperatures nearing the thermal limit, which could result in a similar
pattern to Dahlke et al. (2017). In these cod embryos, elevated MO2 due to thermal extremes was
a result of mitochondrial functional defects to the electron transport system (ETS), which reduces
ATP production and limits the organismal ability to cover oxygen demand (Dahlke et al., 2017).
It is interesting to ponder the potential parabolic relationship between temperature and MO2 ,
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which implies oxygen supply limitations at the plateau and subsequent drops in oxygen demand
at prolonged stints above optimal temperatures (Pörtner & Knust, 2007), likely a result of cardiac
disfunction and physiological damage.
Heart Contractions
Heart contraction (HC) measurements performed in the spring experiment as an
alternative to respirometry can give an indication of the effects of temperature and pCO2 on
oxygen consumption (Anttila et al., 2014). Cardiac function is a limiting factor for temperature
tolerance because the rate of oxygen consumption exponentially increases with temperature,
which cannot be met with heart rate (Steinhausen et al., 2008). Villalobos et al. (2020) found that
elevated temperatures lead to significantly faster heart rates compared to the control in Pacific
herring during chronic temperature exposure. We did not replicate that study, but our study
builds upon prior findings by measuring heart rate at two basal temperatures after exposure to an
extreme heating event. In contrast to their findings, this study resulted in lower heart rates at
elevated basal temperatures (16℃ as compared to 10℃ in 𝐶𝑇𝑚𝑎𝑥 -exposed embryos) in postexposure measurements, which may indicate some level of acclimation that is not evident in the
lack of a rearing temperature effect in survival of the 𝐶𝑇𝑚𝑎𝑥 exposure.
Notably, the rate of increase in heart rate taken 3 days post-𝐶𝑇𝑚𝑎𝑥 trials was significantly
steeper in embryos held at 10℃ compared to 16℃ as duration hours of 𝐶𝑇𝑚𝑎𝑥 exposure
increased, as indicated in the interaction effects of incubation temperature (10 or 16℃) and
duration (Table 11, Figure 11). This provides some evidence for respiratory acclimation at higher
rearing temperatures as embryos reared at a heightened temperature have a more moderate
response to short-term extreme temperature exposure than those reared at a lower temperature.
This suggests that embryos reared at 16℃ either recover faster after an extreme heating event or
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exhibit a reduced stress response to temperature extremes. Alfonso et al. (2020) found that fish
acclimated to elevated basal temperatures produced lower cortisol levels than those reared in
ambient temperature conditions. Our study provides additional evidence for a reduced stress
response in fish reared at elevated temperatures. We found long-lasting effects of elevated heart
rate in less temperature-acclimated fish, which may be an indicator of respiratory damage to the
condition of the fish. Although mortality (%) was not impacted by incubation temperature,
deleterious sub-lethal effects on hatched larvae could result in diminished recruitment due to
reduced allocation of energy for survival mechanisms, such as feeding and predator avoidance.
Future research of heart rate at the time of acute temperature exposure to assess the relationship
between basal temperature acclimation and heart rate, which may supply additional evidence of
short and long-term cardiac effects.
Heart rate was significantly higher in post-exposure measurements of 𝐶𝑇𝑚𝑎𝑥 embryos
compared to control embryos kept at a baseline incubation temperature, which indicates that
prolonged exposure to critical temperatures augments damage to respirometry rates regardless of
basal temperature (Table 11). This suggests that respiratory stress from heatwave events could
have long-term impacts on the cardiac function of surviving embryos. At each duration hour of
𝐶𝑇𝑚𝑎𝑥 exposure, heart rate increased linearly when measured post-exposure at both incubation
temperatures (Figure 11). Although incubation temperature did not have an independent effect,
stable temperatures at or around 16℃ could increase resiliency to respiratory stress in extreme
heating events.
Morphometrics
In the winter experiment, significant pCO2 and temperature effects were found in 5 of the
6 traits evaluated, yet the only discernible trends were with post-yolk body depth (PYBD) and
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yolk-sac area (YSA) (Table 12, Figure 12). PYBD increased with elevated temperature,
especially in the high pCO2 treatment, which opposes the findings in Murray & Klinger (2022),
which found decreasing PYBD values at elevated temperature. Our research presents a negative
trend in YSA with elevated temperature, contrary to Villalobos et al. (2020), where the combined
treatment of elevated temperature and pCO2 resulted in higher YSA values. Even in our higher
quality winter data, which were imaged immediately after hatching, patterns are not distinct
across traits and no trend has been established across studies.
Springtime embryos exhibited variable results, which remain inconclusive for the effects
of temperature and pCO2 in all four morphometric traits. Larvae in spring were preserved in
formalin and imaged some weeks later because of time constraints in laboratory assessments. 3
of the 4 morphometric traits were significantly impacted by the combined effects of temperature
and pCO2 (standard length, head width, post-yolk body depth), yet trends cannot be established
(Table 14). We are aware that the morphometric results of the spring experiment would be more
robust if they were imaged prior to preservation, especially given the shrinkage associated with
formalin.
Summary and Future Research
Further research on the physiological mechanisms for the effects of elevated pCO2 ×
temperature on embryo deformities and time to hatch would enhance our understanding of the
environmental impact of pCO2 variability on Pacific herring hatching dynamics. We hope that
this research can be the foundation for further examination on the critical thermal window of
Pacific herring. We did not determine the exact temperature at which mortality reaches 100%,
although these results will vary based on acclimation temperature, rate of temperature increase,
life stage, and duration of heat exposure. A single pCO2 effect on 𝐶𝑇𝑚𝑎𝑥 survival was found at an
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incubation temperature of 16℃ in winter embryos. Could pCO2 influence survival during a
marine heat wave? Future research could examine multiple pCO2 treatments on the survival rates
of Pacific herring embryos and larvae at critical temperatures.
We found that Pacific herring embryos can withstand temperatures of ~20℃ for 3+ hours
regardless of incubation temperature and pCO2 level in both winter and spring spawning
populations. Resiliency to marine heat waves diminish at 25℃, where survival decreased by
~36% in winter and ~95% in spring when exposed for 3+ hours (Figure 9). Marine heat waves
are 9× as prevalent today as they were in preindustrial times (Frölicher et al., 2018), and will
continue to increase in frequency due to anthropogenic climate change. Our results suggest that
embryonic survival under a marine heat wave is duration and temperature sensitive. Therefore, if
duration and intensity (maximum temperature) are increasing, impacts to mortality may also
increase in the coming years and can have long-lasting impacts on herring populations, leading
to reduced abundance and recruitment numbers. 2018-19 data at the Cherry Point spawning site
indicate that temperatures have hit a maximum of 25.3℃ in June (Acidification Nearshore
Monitoring Network, 2019). Although variability in temperature and pCO2 is common in
nearshore spawning habitats, heatwaves nearing 25℃ will expose embryos to temperatures at the
edge of their thermal window for hours and/or days. This is especially alarming for springtime
spawning herring stocks, such as Cherry Point, which experience greater maximum temperatures
during fluctuations than winter embryos, given greater mean temperatures later in the season.
However, the interaction effects of incubation temperature and duration of heatwave exposure on
heart rate suggest that acclimation at higher incubation temperatures could help herring
withstand greater oxygen demand during a marine heat wave.

62

As temperatures and pCO2 levels rise, oxygen supply may become a limiting factor in
embryonic herring survival. Increased oxygen consumption at elevated temperatures and pCO2
levels indicate that oxygen supply could become limiting faster than at ambient conditions.
Although there is some research into the effects of temperature on MO2 in Pacific herring, the
pCO2 effect found in this study will contribute to our understanding of the physiological impacts
of acidification during early life stages in this species. The effects of pCO2 on oxygen
consumption should be intriguing to fish physiologists. Although the mechanism for increased
MO2 at elevated temperatures is well understood, the heightened MO2 response to elevated pCO2
should be investigated further. Finally, we invite further research to establish the heart rate
effects in herring incubated at different temperatures and exposed to thermal limit trials at the
time of critical temperature exposure. This, paired with further examination of Pacific herring
thermal limits, would continue to elucidate the future effects of anthropogenic climate change on
this important forage fish species.
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